HYRRID PROPULSTON BASED ON FLUITD- CONTRONI D

GO GAS GENERATORS

Noy e &, Cohen and laon D, Strands*

dJet Yropulsion Laboratory

California Institute of Tecehnoloay

Pocadona, Coeliafornia

Abhstract

The vse of fuclrich solid {oss  aencrator-type)
propellants for hybrid propulsion sffords some design and
utilizetion efticicncy edventsges. Both forward and it liquid
injection control concepts a6 evelusted from the operations
slandpoints  of  bhallistics,  thiotiling,  stahility  ana
extinguishment,  Stesdy-stete snd non steedy  ballisties
shalyses are cmployed for this evalustion. Steability of solid
motor opcration is enhanced by fluid injection with cdcquete
injecior pressue  drop. Lihicient theotiling and relisble
extinguishment are sticined through & combinstion of solia
propellant combustion tsiloring, grain desian, control valves
and sensors,  Initisl resulis from s laborstory-scale slab
combustor,  combining & gss gencrston propellant with
QasCous oxyocn injection, arc slso presented.
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vV - combustion chamber free volume

é . denotes perturbation quantity

AP - injector pressure drop

% - retio of specific heats of gas generator gases

W - oscillstory Tfrequency

e - density of gases at gas gencrator exit

yo - solid propellant density
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1. combustion chamber charscteristic time

7, - {feed system chatacteristic time (upsticam of
injector)

7, - solid propellant chatacteristic time

7, - injector characleristic time

Introduction

Hybrid propulsion is of interest for launch vehicle
applications {o1 1casons of safety, economy, environmental
impact, controllability and performance potential.’  The
"pure" or "classic” hybrid employs an inert solid fuel in
combination with & liquid oxidizer. An alternative approach
under consideration is to replace the saolid fuel with & fucl-rich
gas aenetastoi-type  solid propellant.  Criteria for  solia
propellant selection ate safely, cconomy, environmental
impact, extinguishability and perfonmance neatly ecuivalent
1o those of & saolid fuel (so that it remaing attractive on those
bases) and, with ballistics propertics and density more like &
solid propellant, the approach should permit high propellant
weight loading &nd utilization efficicney.

l ockheed Propulsion  Company  pionecred  fluid-
controlled solid R&D in the 196082 Many publicstions
{ieports, AIAA and CPIA papers) were gencrated that
described  various  aspects of the technology  (ignition,
ballistics, combustion and specific impulse  efficiencies,
transient  response  and  stability, throttling, propellant
wtilization, combustion extinguishment and re-ignition, motor
design studies and a computerized model of duty cycles),
Many types of injectents were used (oxidizers, fuels, ineris,




gas gencrator gases), such that "mass augmentation”
became another name for this concept.  Other rocket
companies also contributed to the R&D (most notably,
Northwop Carolinaand “1 hiokol),* and the work continued into
the early 1980s. One version of the concept has flown, and
the largest solid rocket motor tested in this way contained
about 150 kg of propellant (excluding the injectant).

Interestin the fluid-control concept for launch vehicles
begarn in the mid-1980s.  “1 heideas was 1o use: some of the
liquid hydrogen aboard a vehicle like the space shuttle to
provide a modest throttling capability 1o the large solid rocket
boosters. Subscale tests (7 kg propellant) were conducted
at the Air Force Astronaumtics | aboratory (now the Phillips
[ aboratory).*

“1 he current version of the concept, proposed by
Acrojet for future shuttle-type launch vehicles, consists of &
gas gencrator-type  solid propellant augmented by liquid
oxygen.®  t lowever, the proposed design is not the more
conventional injection into the forward end of the solid
motor, Rather, the low temperature gas generator gases are
piped 1o bipropellant injectors and then injected, together
with the oxygen, into aft-end liquid rocket-type thrust
chambers. A special injector design® incorporates s valve to
meter the flow of the hot gases 1o maintain constant mixture
ratio with the oxygen. 1 hrust termination is achieved by
opening the valve 1o depressurize the gas gencrator while
shutting off the oxygen flow.

A low energy solid propellant was selected to satisfy
the above-stated requirements for this type of system. The
aft-injection scheme was chosen as & way to maximize
propellant utilization and combustion efficiency. However, it
requires more complexity in the feed, contiol and injection
systems, the additional thrust chambers, and a heavier motor
case because the gas generator has to operate &t &
sufficiently high pressure to assure a stable and efficient feed
to the thruster chambers,

It is not ¢lear that anaft-injection scheme is necessary
to maintain combustion efficiency and mixture ratio. ‘1 he
concern about ef ficiency came from experience with pure
hybrids, where some type of mixing enhancement aft of the
solid fuel grain proved 1o be necessary. Hlowever, the fluid -
controlled solid propellant operates by adifferent combustion
mechanism and does not require the same type of mixing.
l ockheed tested a series of & kg motors using chlorine
trifluoride as the injectant through a simple head-end injector.
E ven at this scale, the measured specific impulse efficiencies
were in the 90s.” While the aft-injection concept is a clever




way lomaintain constant mixture ratio, it is not without
problems of its own and the added complexitics may not be
required.

‘1 hepurpose  of this paper i s to evaluate the
operational characteristics of both forward- injection and aft-
injection versions. Initial results from a laboratory-scale slab
combustor, combining an Aerojet gas generator propellant
formulation with gaseous oxygen, will also be presented.

General Description

1 he fluid-controlled solid concepts are illustrated
schematically in Fig. 1. An advantage of the aft-injection
concept is that the solid motor operates at a much lower
temperature, about 1400°K, compared to temperatures ca.
3600°K. With aft-injection, the high temperature is limited
to the aft thrust chambers which are regencratively cooled by
the oxygen flow.

f or either concept, ighition can be accomplished by a
pyrogen charge or a bipropellant igniter. With forward-
injeclion, throttling and extinguishnment are achieved with the
liguid control valve. | or this aft-injection concept, they
require a coordinated effori between troth liquidand gas
generator control valve s, I xtinguishment results from
depressurization of the solid motor to the environmental
pressure, below the deflagration limit of the propellant.

Perforinance is illustrated by the curve of
characteristic velocity vs. fluid/solid ratio, shown in fig. 2.
7 he peak specificimpulse is comparable 1o a pure hybrid® and
is achieved at a much lower fluid/solid ratio, which offers
packaging advantages. E venthough thereis more weight of
solid propellant for a given total impulse, its higher density
and improved volumetric loading result in a red uction of
about 40% in the size of the solid motor that would be
needed for the pure hybrid. T he amount of liquid oxygen
required is reduced by about 1 /3, because of the lower
fluid/solid ratio. 1 hus the fluid- controlled solid propulsion
systemis considerably smallerin size than an equivalent pure
hybrid,

Analysis of Forward- Injection

Principle of Operation

‘I he basic principle of operation of the fluid-control led
solid motor is illustratedinkbig. 3. 1 hereis a different nuance
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with the aft-injection concept, which will be covered later
under its heading. Figure 3 contains plots of solid propellant
mass influx vs. pressure with pressure exponent as a
parameter, and total (solid pus liquid) mass efflux through
the nozzle. Mass flux is mass flow ratepér unit of burn
surface area. Equilibrium pressure is achieved where total
mass influx equals total efflux.1 he mass influx lines were
drawn to converge at the selected design point pressure, to
show the parametric effect of pressure exponent. It is
observed that the liquid injection serves to make up the mass
influx deficiency from the solid alone, to achieve the design
pressure for that value of K, corresponding to the mass efflux
line. 1 he procedure is to select a fluid/solid ratio for that
design pressure, 0.5 in this case, and that determines the
value of K, required. Mathematically,

my + pAS = gPAJC* (1)

and with the standard burning rate law, Eq. (1 ) can be
written as:

FIS 41 = gP,(P/P)""/{c *p 1K) (2)
which becomes, at the reference (design) point:
(FIS)o4 1 = gPo/lco"p oKy (3)

T his equation is illustrated by theexample of Fig. 4. The
required K, is shown as a function of the selected fluid/solid
ratio, using Fig. 2 and the other properties of a reference gas
generator propellant, for a pressure of 6.2 MPa (the nominal
initial pressure of the SRM solid rocket booster),

If on-command shut-down is required, an additional
considerationenters into the design procedure.

It is recognized that pressure exponent is not a
constant over a wide pressure range. There often is an
increase in exponent at low pressures and as the low
pressure deflagration limit is approached. 1 his is represented
in Fig. 3 by a shift to anexponent of 1 below certain
pressures, and deflagration limits are also represented,
Higher exponent propellants tend to exhibit combustion limits
at higher pressures, the mechanismbeing more like a
minimum burn rate to satisfy a stable energy balance in the
combustion zone.

It is observed from Fig. 3 that higher exponents and
higher pressure deflagration limits are desirable properties for
this concept. If the exponent is too low, the solid will be
able to sustain a lower equilibrium pressuie all by itself when
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the liquid is shut off. This is depicted by the solution with n
=0.4. 1 he way around this would be to either increase the
F/S ratio at the design point, requiring a smaller K, or to
reduce the design pressure for the same F/S ratio, also
requiring a smaller K. Both changes are probably
undesirable, but the aim is to achieve a K,value small enough
to enable the mass efflux line to clear the bulge in the mass
influx line so that the pressure can fall all the way down to
ambient. With n = 0.7, this desired result is barely achieved
from the design condition. With n = 1, this result is easily
achieved, and a lower F/S ratio could be selected if desired.
For a constant exponent less than 1, an equation for the low
pressure solution (for the solid alone) can be derived as:

(F/S)o + 1 = (Po/P)™Mc,* fco* @)

which accounts for the difference in c* between fluid control
and the solid alone. But the graphical solution procedure {Fig.
3) helps to illustrate these points and achieve a conservative
design.

The stability concerns in using high exponent
propellants will be addressed subsequently. It turns out that
fluid control has a strong stabilizing effect. Again, there are
different nuances on this point with the aft-injection concept.

Stability. with_ High_Exponent Propellants

Taking the liquid injection flow rate as proportional to
the square root of injector pressure drop, differentiating Eq.
(1) with respect to burn area (a variable of concern because
of possible abnormalities as well as normal burn patterns),
and normalizing with respect to the mean pressure, the static
stability of the motor can be expressed as:

d(InP)/d(InA,) = 1 /[I-n+ F/S(P/P-1/2)/(P,/P-1)1 = 1/{(1-n})
(5)

Note that, with F/S = O, the equation reduces to the
familiar form for solid rocket motors whence a high exponent
is destabilizing and n = 1 is impermissible. A disturbance to
the burn area would result in a runaway pressure. However,
with F/S > 0, the stability improves. The result is shown
graphically in Fig. 5.

The denominator of Eq. (5) can be expressed in terms
of an “effective exponent”, combining its last 2 terms to
show a decrement to n. Fig. 5 shows this effective exponent
plotted vs. F/S, for a propellant with n = 1, and with the
injector pressure ratio as a parameter. The limit of infinity
corresponds to an infinite feed pressure or constant fluid



EFSECTIVE PRESSURZ =XPONENT

e

,,;?

1.0

0.8

0.6

0.4

0.2

-0.2

INJECTOR PRESSURE
MOTOR PRESSURE

RATIO

e e e e e — - e R e m e o ae Bg e e e S e e e S ———

0.2 04 06 0.8 1.0
FLUID/SOLID RATIO

_ g E{/@z‘,u fV@/$SMvC ’yc;om_/»/é of N = 7

J
Sotld prolgeﬂcu VPPN ,/lm/ controf



injection rate. It is observed that with F/S = 0.4, and an
injector pressure ratio of 1.3 (the ratio must be adequate to
assure a stable and efficient feed), the effective exponent
becomes -0.07. Thus the motor is as if it contained a plateau
propellant, a very desirable property, With F/S = 0,5, it
becomes like a mesa propellant {(exponent is more negative),
which is a most desirable property.

Lockheed Propulsion developed and successfully
tested n = 1 propellants with fluid control,”® Not only was
the static stability demonstrated, but dynamic stability
improvements expectable from reductions in effective
exponent were also apparent, There has never been an
instance of acoustic combustion instability with fluid control,
even though most of the tests were with non-aluminized
propellants, In tests at very low pressures, to explore deep
throttling and extinguishment properties, instances of L*
instability showed that fluid control stabilized this dynamic
characteristic, % 10 With increased F/S ratio, the L* stability
boundary was shifted to lower values of L“ and pressure.
Thus the successful use of high exponent propellants with
fluid control has been well demonstrated,

One other dynamic characteristic that merits
discussion is the stability of the fluid feed system. This can
be expressed in terms of a minimum injector pressure drop
required, It is affected by pressure exponent because
disturbances in the feed can couple with the dynamics of
propellant burn rata through the fluctuations in chamber
pressure. The feed system stability can be derived from the
response of chamber pressure to a fluctuation in the injector
pressure drop, A perturbation analysis yields the following
expression:

oP -
8(P;-P)

exp (-st,)

»WJ_:;-/S AP\, . . n.e';(z)(--_StST)
s [ F e ) “c TS

F/S

(6)

where the various rare characteristic (relaxation) times of the
components (see Nomenclature) and s is the Laplace
transform variable. For a sine wave disturbance, s =iw
would be used to evaluate the stability,




A sufficient condition for stability is that the steady-
state response be equal to or less than the input disturbance.
This is conservative, because a phase lag between the
response and the disturbance would allow a gain greater than
unity. However, it simplifies the analysis by eliminating the
components (nothing is being designed at present, anyway)
and the complex variables. The steady-state response is
obtained with s =0, whence the stability criterion becomes:

AP/P = FISI[ 2(1 + FIS - n)] )

Eq.(7) is shown plotted in Fig. 6. It is observed that
the required injector pressure drop increases with exponent
and with fluid/solid ratio. For n = 1, the pressure drop
should be half of the chamber pressure regardless of
fluid/solid ratio. However, experience with fluid-controlled
motors has shown that a smaller pressure drop can be
tolerated without instability, confirming that Fig. 6 is
conservative, The essential points are that there need be no
concern about using high exponent propellants for fluid-
controlled motors, and that feed system stability should be
addressed by analysis and testing in the course of developing
a design.

Dividing Eq. (2) by Eg. (3) yields an expression for
fluid/solid ratio excursions that would occur by reducing fluid
injection rate to reduce pressure:

(FIS + 1 )IF/S)g + 11 = (K,o/K,){Co “/c* )( PIPO) I-n
(8)

For n = 1 and constant K (neutral grain design), it is
readily apparent that fluid/solid ratio becomes independent of
pressure, so there is no utilization problem in throttling. This
is another advantage of higher exponent, and is illustrated in
Fig, 7. The pressure variation corresponds to that of the
SRM solid booster. For n = 0.6, there is a large excursion in
fluid/solid ratio over this pressure range.

In reality, grain designs are not perfectly neutral even
when intended to be neutral, and non-neutral geometries may
be desirable for certain purposes, Fig. 8 shows the effect of
a 15°A reduction in K, from the nominal design point,
computed from Eq. (8) and using Fig. 2. A large increase in
F/S is required to restore the initial pressure (obtained by

throttling up), and with n =1 the effect of the K, change is
to imbalance the utilization (from the nominal F/S = 0.5)
regardless of the pressure. With lower exponents, the F/S
excursions with pressure move toward restoring the balance
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in the course of the firing, I-bus the realities of grain design
and system variances temper the ideality of n = 1.

The SRM solid booster achieves its “throttling” by
grain design, which produces about a 40% reduction in K,.
A more modest regressivity combined with an exponent
slightly less than 1 could achieve the same degree of
throttling with a constant fluid/solid ratio. Fig. 9 shows a
program of a pressure schedule vs. the K, schedule of the
grain design to achieve a constant F/S = 0.5 with n = 0.8,
Only a 15% reduction in K, is required, the rest of the
throttling being accomplished by the liquid flow schedule. If
there were no variances, this program would set the liquid
flow schedule. The thrust profile requirement would set the
functions of time (and thus the specific grain design),

The major source of motor-to-motor variance is the
nominal propellant burn rate, due to batch variations and
propellant temperature. This could be accommodated by a
system of on-board sensors coupled with softwear that
would rationalize a ballistic deviation and adjust the liquid
flow schedule to maintain the constant F/S. The greater the
departure from a neutral grain and/or the greater the
expected variance, the more desirable it is to have n <1 to
keep a constant F/S while accommodating these changes.
On the other hand, the smaller these changes, the closer the
ideal of n = 1 can be approached. The effect of
accommodating the variance would be a motor-to-motor
variance in the thrust profile similar to conventional solid
motors. The desirability of using fluid control to maintain an
exact thrust profile (or exact ascent requirement) vs. full
propellant utilization (a constant F/S) would be a matter for
trade-off study in an application.

Thrust Termination Transients

Assuming instantaneous cut-off of the liquid injection
(injector face shutoff), a closed form solution for the pressure
decay in the motor can be derived from the following mass
balance differential equation:

(V/RT)dP/dt = p, A aP" - gPA,/c * 9)
which becomes, after normalizing by the initial pressure:

d(P/Po)/d(t/r) = (P/P)™[1 + (F/S),) - P/P,

(Io)

For the special case of n = 1, integration yields:

P/P. = expl-(F/S),/[1 + (F/S),) - t/T] (11)
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and for n < ‘1:

P/P, = {[1 + (F/S), exp (-[1 -nit/7TC)I/[1 +(F/S) I}
(12)

Results with pressure exponent as a parameter are
shown in Fig. 10 (for F/S = 0.5), and with fluid/solid ratio as
a parameter in Fig. 11 (for n = 1 ). The analysis is inexact
because low pressure combustion and gas temperature
variations are not accounted for. Those details would
accelerate the pressure decays. The point is to show relative
benefits of higher exponent and higher F/S ratio in promoting
faster pressure decays. With higher exponent, burn rate falls
more rapidly with the decreasing pressure. With higher F/S,
a larger percentage of the total mass input is shut off;
actually, it is better than illustrated because the value of 7,
decreases with increasing F/S (motor L“ decreases with
increasing F/S), so on a dimensional time basis the curves
would be further apart.

Analysis of Aft-Injection Concept

Principle of Operation

The basic principle is the same as with forward-
injection, but there are differences in detail because of the
separate combustion chambers. The orifice that controls the
pressure in the thrust chamber (the nozzle throat) is no longer
the same as that which controls the pressure in the solid
motor (the hot gas valve), The solid gas generator motor has
to operate at a higher pressure than that required for thrust
from the liquid engine-type thrust chamber.

The analogy to Fig. 3 for the aft-injection concept is
shown in Fig. 12, which reflects the differences. The
abscissa is nOW the gas generator pressure, not the thrust-
producing chamber pressure. It is assumed that the gas
generator has to operate at a nominally 25% higher pressure
than the thrust chamber for a stable and efficient feed of the
gases through whatever ducting to the bipropellant injector.
This is reflected on Fig. 12 by positioning the gas generator
pressure at a 25°A higher value than on Fig 3. Gas generator
mass influx lines are shown for 2 values of pressure
exponent; n == 1 is not shown because of the possibility that
the gas generator could become isolated from the fluid
control (the gas generator is nominally unchoked, so there is
a coupling, but prudence would avoid n = 1 in this case).

Since the abscissa is gas generator pressure, and the
rocket nozzle controls chamber pressure, mass efflux through
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the nozzle shown on Fig. 12 will vary with the pressure ratio.
Two mass efflux lines are shown. One corresponds to the
nominal design point, with F/S = 0.5 and a pressure ratio of
1,25. Note that, with no change in valve position, the gas
generator would sustain a low pressure by itself upon liquid
shut off if n = 0.6. The second mass efflux line corresponds
to opening the gas valve to equalize the two chamber
pressures. By opening the valve it is possible to clear the
mass influx line for n = 0.6 and achieve the desired
repressurization upon liquid shut off. This condition is more
easily met with n = 0.8. Of course, the nozzle throat places
a limit on how much the gas generator can be depressurized
by opening the valve. This limit could be circumvented by
providing additional overboard dumping capability to the gas
generator.

Mathematically, ballistic solutions are obtained by
coupling the mass balance equations for the two chambers.
Using the conventional burn rate law, the unchoked gas
generator pressure is given by:

psAbaPGn = peueAe (13)
and the thruster chamber pressure is given by:

m, + pA,aP;" = gPA/c* (14)

Using the unchoked boundary condition, equation of
state and isentropic law for the gas generator gas, the

simultaneous equations become:

np._ PPG/P)r!
PeloKo6(Ps/Pgo)"0g =" ¢! /T e M 111172
-(Pg/P )1 (15)

PC = (1 + F/S)HPa/Pgo),foK,C * /9 (16)

Eq. (16) shows that Fig. 4 also applies to the aft-
injection concept for the thrust chamber pressure at the
nominal design point, After selecting F/S, which determines
K, for that pressure, the selected pressure ratio then
determines the valve control area from EQ. (15). The ability
to repressurize the gas generator to ambient by opening the
valve with F/S = O can then be assessed from these
equations. Changes in the pressure exponent and
thermochemistry of the gas generator propellant at low
pressures should be accounted for in this analysis (as with
Eq. (6) or the graphical procedure for forward-injection).



Throttling and Propellant Utilization

If throttling were accomplished merely by reducing the
liquid flow rate to the thrust chamber, doing nothing with the
gas generator control valve, results are shown in Fig. 13 (for
two values ofn). The gas generator pressure would fall
(solid lines), and the fluid/solid ratio would shift to lower
values (dashed lines), The higher exponent produces a
smaller excursion in F/S because it enables the gas generator
pressure to fall a greater amount, to be more in keeping with
the reduced liquid flow.

Eqgs. ('15) and (16) can be combined to show a control
valve schedule that maintains a constant fluid/solid ratio in
throttling, The combination yields:

UAJAG ) (gB4/c*) 111+ FIS) = (Pe/P)2Y Y-(Pg /P yir- 1y
(17)

Eq. (1 “7) is shown plotted in Fig. 14 for three values of
F/S held constant. As chamber pressure falls due to the
reduced liquid flow, the valve is adjusted to maintain the
pressure ratio required to hold the constant value of F/S.
With a neutral grain, this requires opening the valve, moving
to the left on Fig. 14, dropping the pressure ratio. The gas
generator pressure is able to fall a greater amount than was
the case in Fig. 13.

An example of this full-utilization throttling is given in
Fig, 15, The F/S is being held constant at 0.5 with a neutral
grain design, Shown plotted are the changes in gas
generator pressure (solid lines) and control valve area (dotted)
curves). At several points, the pressure ratios then existing
are indicated, The low values of pressure ratio being
reached, especially with n = 0,6, are cause for concern.
Calculations were stopped where the pressure ratio reached
1,02 (also noted with an x}). With n = 0.8, the throttling
schedule of the SRM solid booster was barely met. It is likely
that the pressure ratio will be limited to higher values in a real
system.

An approach to maintain adequate pressure ratio is to
use a regressive grain design, analogous to the approach
discussed for forward-injection. Fig. 16 shows two
schedules of K, reductions associated with the SRM booster
throttling range, one for each value of exponent. The criteria
determining these schedules were to have the same gas
generator pressure change with either exponent, and to
maintain the constant F/S by increasing the pressure ratio as
the pressure falls, but without choking the gas generator,
This is a reasonable course to follow to assure a stable and
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efficient feed of the gas generator gases during the constant
mixture ratio throttling.

Fig. 17 shows the gas generator pressure change and
valve movements associated with the throttling at constant
F/S = 0.5 with the regressive grains. Pressure ratios existing
at various places are also indicated. The valve movements
are tempered considerably compared with Fig. 15. With
n = 0.8, only a small vernier-type control is indicated. The
increased pressure ratios with decreasing pressure should
improve the delivery to the thrust chamber, and without
increasing motor weight because the gas generator pressure
continues to fall.

Variance in nominal propellant burn rate presents the
same considerations for thrust profile and propellant
utilization variances as exist with the forward-injection
approach, I-he aft-injection concept provides additional
flexibility to accommodate the variance because both liquid
injection and gas generator flows can be adjusted. A system
of sensors working through ballistics softwear to the flow
controls would be envisioned.

Thrust Termination Transients

Differential equations analogous to EQ. (9) can be
written for the gas generator and for the thrust chamber.
The pressure decay in each is computed numerically. While
the liquid flow can be stopped rapidly, some care has to be
exercised in the speed with which the gas valve is opened
because a surge of gas into the thrust chamber could provide
a pressure spike.

Results of computations that could be compared to
the case of forward-injection (with F/S =05 and n =1 ) are
shown in Fig. 18 for two initial pressure ratios. Also for
comparison with forward-injection, the dimensionless time is
based on the characteristic time of the gas generator (the
characteristic time of the thrust chamber was assumed to be
smaller by a factor of 50). The pressure decays shown are
those in the thrust chamber. For this case, the valve was
assumed to be fully open in one characteristic time and a
linear opening function of time was used. The liquid was
assumed to be shut off instantaneously. It is observed that
the pressure starts to fall rapidly, reflecting the small
characteristic time of the thrust chamber. However, the
opening of the valve begins to produce a surge into the thrust
chamber. The spike that results is larger for the larger
pressure ratio. Eventually, the decaying pressures in both
chambers prevail and the remainder of the transient is a
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smooth decay. By about 10 characteristic times, there is
little difference from the result with forward-injection.

The effect of using a longer valve opening time is
shown in Fig. 19. Both thrust chamber and gas generator
pressure decays are shown here. The higher pressure ratio
case is used because that produced the larger spike in Fig,
18. While a spike is not eliminated, its magnitude and
brisance are reduced. By 10 characteristic times, the effect
of the longer valve opening time is negligible.

An interesting approach that would eliminate the spike
and shorten the termination transient would be to incorporate
a state-of-the-art valve system to divert much of the gas
generator flow away from the thrust chamber and vent
overboard in a nulled fashion as part of the thrust termination
system. As noted earlier, this dump would also ensure
depressurization to ambient pressure for combustion
extinguishment.

Stability

Egs. (14) and (15) were perturbed withrespect to
burn area numerically, and results were converted into
effective pressure exponents for comparison with forward-
injection. A baseline n = 1 was used to maintain
comparability, and a pressure ratio of 1.25 was assumed.
The analogous effective exponents, for comparison with Fig.
5, are shown in Fig. 20. It is seen that fluid injection is not
as stabilizing in the aft-injection concept. The reason is that
the solid is not as closely coupled to the fluid in this system.
However, it is likely that the pressure exponent for aft-
injection can be closer to 0.6 than 1.0, especially with the
controllability features discussed earlier, so that the effective
exponent would be about 0.4. That is comparable to the
exponent of the SRM solid propellant.

Feed system stability requires a more complicated
analysis with the aft-injection concept. The feed of both the
liquid oxygen and the gas generator gases, and two
combustion chambers, are involved in the coupling. Analyses
of this type forbipropellant liquid engines had only one
combustion chamber to contend with.

The set-up for a stability analysis is shown
schematically in Fig. 21. The closed-loop feedback systems
are illustrated in the form of a thrust chamber outer loop and
a gas generator inner loop. Starting at the lower right, a
disturbance in the input liquid flow is transformed (through
the thrust chamber transfer function) into a disturbance in the
nozzle outflow and fed back to the gas generator. The
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feedback is possible because the gas generator operates
unchoked. As a result of the gas generator chamber transfer
“function, the disturbance is transformed into a pressure
fluctuation which is imparted to the propellant combustion
zone, The combustion responds to this, through its transfer
function (e.g., the combustion response function of
combustion instability theory), and feeds back a flow
disturbance to the gas generator chamber. That continues in
the inner loop, and the flow disturbance in the gas generator
chamber is feel back to the source of the input disturbance.
For the gas generator feed, the input disturbance would be
placed at the upper left.

It is recommended that this type of analysis be carried
out in the course of a development program, and used in
conjunction with testing. There is concern that injector
pressure drops may be pushed too low in the interest of
weight savings, especially as regards the gas generator, and
system couplings may operate to increase pressurization
requirements.

Laboratory Slab Combustor Tests

Purpose

The purpose of these experiments was to integrate the
various component technologies in a laboratory-scale
demonstration of the fluid-controlled gas generator hybrid
concept, confirm that the propellant burns like a solid
propellant and not like a solid fuel under fluid control, and
observe other characteristics of this type of hybrid
combustion. Prior to doing so, the low pressure burn rates
and pressure deflagration limit of the gas generator propellant
used, Aerojet formulation ANB-3302-4, were measured. It is
evident from Figs. 3 and 12 that is it very important to
thoroughly characterize the low pressure combustion of the
propellant.

Low-Pressure _Combustion Characterization Results

The Aerojet gas generator propellant formulation
ANB-3302-4, Table 1, was processed at the Jet Propulsion
Laboratory.



Table | ANB-3302-4 Formulation

Component Weight %
Ammonium Perchlorate 61.5
Ammonium Sulfate 16.0
Catalyst 0,5
Hydroxyl-Terminated

Polybutadiene (HTPB) 22.0

100,0?40

1.4 DoD hazard classification

Attempts were made to sustain combustion of
propellant samples in the open atmosphere. Larger size
samples, 1.3 x 1.3 cm (0.5 x 0.5 in. ) and 1.3 x 2.54 cm.
(0.5 x 1.0 in.), than normal were used, to reduce heat losses
from the combustion zone.10 Burn rate measurements were
made in a Crawford strand burner using 6.4 mm (0.25 in. )
diameter propellant strands.

It was not possible to sustain combustion of the
propellant at atmospheric pressure. The best that could be
achieved was a forced ignition and part-way combustion in
the open atmosphere; the sample was ignited with a hot wire
and pyrotechnic paste, after which the flame proceeded to
shrink and extinguish. In the Crawford bomb the strand self-
extinguished immediately following ignition.

Progressive improvements in the combustion in the
strand burner were observed with increasing pressure. At
1.4 atm. (20 psia) the strand burned a short distance and
extinguished before reaching the start timing wire. At- 1.8
atm. the strand burned a longer distance, but extinguished
before reaching the stop wire. The first reliable burn rate
measurement was achieved at 2.0 atm. (30 psia). On this
basis, the deflagration limit was estimated to be 1.9 atm. (28
psia).

Burn rate results are shown in Fig. 22. The drop in
burn rate in approaching the deflagration limit is a desirable
characteristic, appearing as a very high pressure exponent.
At higher pressures the exponent is about 0.6. A
development goal might be to increase this exponent value
slightly for the aft-injection concept, and more so for
forward-injection.
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Description of Slab.Combustor Apparatus

The fluid-control tests were performed using an
existing hybrid slab window motor system.' 12 The motor is
shown schematically in Fig. 23. It consists of a (1 ) head-end
closure, (2) flow straightener/igniter section with (3) flow
straightening screens, (4) test section with quartz viewing
ports, (5) cylindrical aft combustor section, (6) aft closure
with (7) graphite nozzle, (8} internal spacer to control burner
cross-sectional area, (9) fuel casting base plate, and (10) fuel
slab. Ignition of the fuel slab is attained by injecting methane
into the oxygen flow in the flow straightener/igniter section
and igniting the mixture with dual spark plugs,

For these experiments the fuel slab was replaced with
a slab of the gas generator propellant - 6.73 cm (2.65 in. )
wide, 20.3 crn (8 in. ) long, and 1.27 cm (0.5 in. ) thick. The
sides were restricted with Halocarbon 25-5S chlorofluoro-
carbon grease. Gaseous oxygen was injected into the slab
combustor either through the head-end port, in the normal
fashion, or radially into the aft-combustor section through
three sonic orifices spaced around its circumference. There
was no attempt to devise a dual chamber apparatus to
simulate the actual aft-injection concept. Termination of the
slab combustor tests was achieved by terminating the
oxygen flow.

Slab Combustor Test Results

Design Precision

The tests were conducted at ambient atmospheric
back pressure, Each was terminated after a total burn time
of approximately 2 sec., so as not to completely consume the
gas generator propellant slab. A noteworthy aspect of the
tests turned out to be the precision of their design. Tests
were carried out at two design mean pressures, 1.03 MPa
(150 psia) and 1.38 MPa (200 psia), and all tests were
designed to operate at a fluid/solid ratio of 0.5. Based on
integrated oxygen flow rate and slab weight measurements,
they operated over the range 0.47 - 0.50. |-he forward-
injection test designed for 1,03 MPa pressure exhibited a
mean pressure of 0.92 MPa. Forward- and aft-injection tests
designed for 1.38 MPa exhibited mean pressures of 1.18 and
1. 19 MPa, respectively (no difference between head-end and
aft-end oxygen injection results at the same injection rate).
A slightly lower oxygen flow rate compensated for the
slightly decreased propellant burn rate (due to the less-than-
planned pressure) to maintain the fluid/solid ratio near the
planned 0,5 value.
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Extinguishment _and Combustion Efficiency

Each propellant slab extinguished successfully upon
termination of the oxygen flow. There was no measurable
nozzle throat erosion in any test. Approximate c*
combustion efficiencies in the 80s were deduced from the
test results, at this small scale and low pressures and burn
times, with exposed metal walls and with the simplest kind
of injection.

Burn Rate Results

Propellant mean burn rates determined from pre- and
post-test measurement of the combustor slab thickness are
shown on the burning rate-pressure plot in Fig. 22. It is
observed that the slabs under fluid control burned at the

same rates as the strands in the strand burner. This agrees
with previous results with other types of solid propellants.”®

Stability

Pressure traces for the tests designed for 1.38 MPa
pressure are shown in Figs. 24 and 25. Fig, 24 displays the
result with head-end injection, Fig. 25 with aft-end. There
are two interesting differences in the features of these
traces. With head-end injection the trace is regressive in
character and shows the same type of irregularity seen in
pure hybrid firings with this motor, With aft-injection the
trace takes on a progressive character and is smooth.

The differences in trace shape are believed to be
attributable to a combination of three factors: ( 1 ) more rapid
motor filling (pressure build-up) following ignition of the fuel-
rich gas generator combustion products-oxygen mixture for
the forward-injection configuration, (2) greater effectiveness
of the slab restricted grease coating for the lower slab-burner
gas temperatures and flow rates with the aft-injection
configuration (burning on the sides of the slab produces a
regressive K,-time profile), and (3) time differences in
combustion efficiency with this geometric arrangement, As
the propellant slab burns for the latter factor, the rectangular
port width increases, This is detrimental to efficiency with
a simple head-end injection orifice because the mixing in the
port becomes less confined. On the other hand, it is
beneficial to the aft-injection arrangement (injection radially
from side walls into an aft free volume) because the flow of
gas generator gases into the aft free volume becomes less
centrally directed towards the nozzle and less rapid.



The cliff erence in roughness for the two oxygen
injection configurations is significant because it shows that
the combustion irregularity is not due 1o the oxygen feed, or
turbulence induced by the step at the aft end of the slabs, or
the combustion of the-mixture in the aft-combustor volume.
The remaining, actual mechanism for the irregularity observed
in the forward-injection test results is speculated to be some
type of flow-combustion turbulence interaction along the
surface of the propellant slab. However, this interaction does
not operate to change the mean burning rate of the
propellant,

Conclusions

A hybrid system based upon fluid-controlled solid gas
generators is an attractive propulsion alternative. It is verified
that the solid gas generator propellant burns like a solid
propellant under fluid control, and that it reliably extinguishes
at atmospheric pressure. With solid propellant-like ballistic
and density properties, a high propellant weight loading is
possible.

Two versions of the concept were evaluated: a
conventional head-end injection of liquid oxidizer into the
solid gas generator motor; and an aft-injection concept
whereby products of the gas generator are injected together
with the liquid oxidizer into a liquid rocket engine type of
thrust chamber.

Advantages of forward-injection are simplicity,
stability, and weight savings. A proper design can minimize
mixture ratio excursions in throttling and effects of burn rate
variances on either the thrust profile ormixture ratio.

Advantages of the aft-end injection concept are a low
temperature solidgas generator motor, and a more precise
controllability. It has a greater flexibility to throttle at
constant mixture ratio and compensate for variances, and the
potential for & more rapid thrust termination. Attention will
have to be given to adequate pressure ratios in the feed
systems in the course of a system development.

The slab combustor tests, taken together with
literature data for subscale test motors, indicate that there
should be no problem with combustion efficiency with either
version in full-scale boosters incorporating efficient injector
designs.



Gas generator propellant development to date has
been only for the aft-injection version. Some propellant work
would be needed to increase pressure exponent to more
desirable levels for the forward-injection version.
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